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DQG(OHFWUR6SDUN'HSRVLWLRQ LQRUGHU WRUHFRYHU WKHRULJLQDO WKLFNQHVVRI WKHPDWHULDO7KHVHVSHFLPHQVKDYHEHHQXVHGIRUD
FRPSOHWHPHFKDQLFDOFKDUDFWHUL]DWLRQFDUU\LQJRXWVWDWLFORZF\FOHIDWLJXHDQGFUHHSWHVWV)LQDOO\UHVXOWVKDYHEHHQFRPSDUHG
WR EDVH PDWHULDO 6WDWLF DQG ORZF\FOH IDWLJXH WHVW KDYH EHHQ FDUULHG RXW DW 5RRP 7HPSHUDWXUH DQG & ZKLOH FUHHS WHVW
FRQVLGHUHGWKHWHPSHUDWXUHRI&
5HVXOWVRIXQLD[LDO WHQVLOH WHVWVVKRZHGWKDW WKH WZRUHSDLUSURFHVVKDYHDGLIIHUHQWHIIHFWRQ WKHPHFKDQLFDOSURSHUWLHV:KLOH
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,QWURGXFWLRQ
7KH SUHVHQFH RI D ORFDOL]HG GDPDJH LQ D ODUJH KLJKFRVW FRPSRQHQW FRXOG GHWHUPLQH WKH QHHG WR VXEVWLWXWH LW
KDYLQJDKLJKHIIHFWRQWKHH[HUFLVHFRVW$SRVVLEOHPDLQWHQDQFHVWUDWHJ\LVWRUHSDLULWUHPRYLQJWKHGDPDJH]RQH
DQG VXEVWLWXWLQJ LW ZLWK ZHOGHG PDWHULDO RU DGGLQJ QHZ PDWHULDO 7KH UHVLGXDO OLIH RI WKH FRPSRQHQW ZRXOG EH
LQFUHDVHGZLWKHYLGHQWHFRQRPLFDGYDQWDJHVRQFRQGLWLRQWKDWWKHUHOLDELOLW\DQGWKHVDIHW\RIWKHFRPSRQHQWDUHQRW
UHGXFHG ,Q D SUHYLRXVZRUN >@ DXWKRUV FRQVLGHUHG WKH SRVVLELOLW\ WR VXEVWLWXWH WKH GDPDJHGPDWHULDO ZLWK 7,*








WHVWVKDYHEHHQFDUULHGRXWZLWKDSSOLHGVWUDLQ UDQJH¦İ7KLVNLQGRI ORZVWUHVV OHYHO LVDVVRFLDWHG WR
OLPLWHG GDPDJH SURFHVV ,Q WKLV FRQGLWLRQ WKH GDPDJH PRGHOV DUH JHQHUDOO\ LQDSSOLFDEOH RU OHDG WR LQFRQVLVWHQW























:DVSDOR\ LV D FRQYHQWLRQDO1LFNHOEDVHG VXSHUDOOR\ WKDW LV VXEMHFWHG WR KDUGHQLQJ SUHFLSLWDWLQJ KHDWWUHDWLQJ
:DVSDOR\LVZLGHO\XVHGLQWKHDHURQDXWLFDOILHOGGXHWRLWVJRRGVWUHQJWKWRFRUURVLRQDQGWRKLJKWHPSHUDWXUHLQ
SDUWLFXODUIRUWKHUHDOL]DWLRQRIWXUELQHGLVNEODGHDQGFDVLQJ0HFKDQLFDOVWUHQJWKLVFRPSDUDEOHWR+D\QHV5
DQGKLJKHU WKDQ ,QFRQHODW WHPSHUDWXUHKLJKHU WKDQ& >@0LFURVWUXFWXUH LV FKDUDFWHUL]HGE\ D IDFH
FHQWHUHG FXEH PDWUL[ ZLWK GRPLQDQW SUHFLSLWDWHV Ȗ¶ 'XFWLOLW\ RI :DVSDOR\ KDV EHHQ VWXGLHG LQ >@ VKRZLQJ D
UHGXFWLRQ VWDUWLQJ IURP URRP WHPSHUDWXUH WR DERXW  & DQ LUUHJXODU EHKDYLRXU XS WR  & DQG D TXLFN
UHGXFWLRQDWKLJKHUWHPSHUDWXUH
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6WDUWLQJIURPD ODPLQDWHGSODWHKDYLQJDQRPLQDO WKLFNQHVVRIPPVSHFLPHQV IRUVWDWLF IDWLJXHDQGFUHHS
WHVWVKDYHEHHQUHDOL]HG,QWKHPLGVL]HRIWKHVSHFLPHQDV\PPHWULFDOJURRYHLVREWDLQHGWREHILOOHGZLWKDGGHG
PDWHULDO7ZRGLIIHUHQWSURFHVVHVZHUHXVHGWRUHSDLUWKHPDWHULDOWKHILUVWRQHZDV(OHFWUR6SDUN'HSRVLWLRQ(6'




WKHPHFKDQLFDO WHVWV LQSDUWLFXODU ORZF\FOHIDWLJXH WHVWV7KHUHIRUHVSHFLPHQVKDYHEHHQSODVWLFDOO\GHIRUPHGDW




IRU D FRUUHFW ORDGDSSOLFDWLRQ DQG IRU D UHOLDEOH VWUDLQPHDVXUHPHQW+RZHYHU DSDUWLFXODU FDUHKDVEHHQXVHG LQ
RUGHU WR DFKLHYH FRUUHFW UHVXOWV IURP WKH PHFKDQLFDO WHVW /RDG DSSOLFDWLRQ WR VSHFLPHQ ZDV REWDLQHG WKURXJK
VHUUDWHGIDFHJULSGHVLJQHGDQGUHDOL]HGLQ8GLPHW7KLVJULSDOORZVWKHDSSOLFDWLRQRIDSUHORDGWRWKHVSHFLPHQ
LQ RUGHU WR JXDUDQWHH WKH EDFNODVK UHFRYHU HVSHFLDOO\ GXULQJ ORZF\FOH IDWLJXH WHVW 7KHUPDO ORDGZDV REWDLQHG
WKURXJK DQ LQGXFWLRQ V\VWHP FRQWUROOHG E\ DQ RSWLFDO S\URPHWHU 7KH FDOLEUDWLRQ RI WKH S\URPHWHU VLJQDO ZDV
SUHOLPLQDULO\ FDUULHG RXW KHDWLQJ D:DVSDOR\ VSHFLPHQ LQ D WKUHH]RQH VSOLW IXUQDFH DQG FRPSDULQJ WHPSHUDWXUH
UHDGLQJRIWKHRSWLFDOS\URPHWHUDQGRID.WKHUPRFRXSOHPRXQWHGRQWKHVSHFLPHQ
6WDWLFWHVWKDVEHHQFDUULHGRXWIROORZLQJWKHLQGLFDWLRQRI$670(DQG(VWDQGDUGVUHVSHFWLYHO\IRU




/RZF\FOHIDWLJXH WHVWVDUHFDUULHGRXWIROORZLQJ WKH LQGLFDWLRQRI$670(VWDQGDUGXVLQJD WULDQJXODU
ZDYHIRUP LQ VWUDLQ FRQWURO DQG D IUHTXHQF\RI+]6SHFLPHQJHRPHWU\KDVEHHQFKDQJHGZLWK UHVSHFW WR WKH
VWDQGDUGLQGLFDWLRQLQFUHDVLQJWKHILOOHWUDGLXVWRDYDOXHRIPPLQRUGHUWRDYRLGIDLOXUHGXHWRH[FHVVLYHVWUHVV
FRQFHQWUDWLRQ>@ ,WZDVYHULILHG WKDW WKLVJHRPHWU\ZDVDEOH WRKROGFRPSUHVVLYHVWUHQJWKFORVH WR\LHOGVWUHQJWK
ZLWKRXWVKRZLQJEXFNOLQJDQGWUDQVYHUVDOGHIOHFWLRQRIWKHVSHFLPHQ$OOWKHWHVWDUHFKDUDFWHUL]HGE\DVWUDLQUDWLR
5İ İPLQİPD[ $SSOLHGVWUDLQLVLQWKHUDQJHǻİ WKHUHIRUHSODVWLFGHIRUPDWLRQLVORZRUDEVHQWDQGWKH
H[SHFWHGIDWLJXHOLIHLVUHODWLYHO\KLJK5XQRXWOHYHOZDVIL[HGDWF\FOHVDIWHUZKLFKWHVWLVFRQWLQXHGLQORDG
FRQWUROXVLQJWKHVWDELOL]HGF\FOHVWUHVVUDQJH([SHULPHQWDOWHVWSODQFRQVLGHUVWHVWVDWURRPWHPSHUDWXUH57DQG
&6WDWLFDQG ORZF\FOH IDWLJXH WHVWVZHUHFDUULHGRXWRQD VHUYRK\GUDXOLF WHVWLQJPDFKLQHN1076
ZKLOHH[WHQVRPHWHUVXVHGIRUVWUDLQFRQWUROWHVWKDYHDPPJDJHOHQJWK




3.1. Static test 
6WDWLFEHKDYLRURI(6'DQG03VSHFLPHQVDUHUHVXPHGLQ7DEOHZKLFKUHSRUWV WKHPHDQYDOXHVRI WKHPRVW
UHSUHVHQWDWLYH VWDWLF SDUDPHWHUV $OO WKH YDOXHV KDYH EHHQ QRUPDOL]HG FRQVLGHULQJ D UHIHUHQFH YDOXH HTXDO WR
PD[LPXPVWUHQJWKDQGFRUUHVSRQGLQJWRWKHGDWDRIWKHEDVHPDWHULDOUHSRUWHGLQ>@
$VVXPLQJ EDVH PDWHULDO DV D UHIHUHQFH WKH PRGLILFDWLRQ RI WKH VWDWLF EHKDYLRXU LQGXFHG E\ (6' DQG03 LV
FOHDUO\KLJKOLJKWHG<RXQJPRGXOXV LVSUDFWLFDOO\QRW DIIHFWHGE\ WKHSUHVHQFHRI DGGHGPDWHULDO$V H[SHFWHG D
UHOHYDQWFKDQJHLVUHSUHVHQWHGE\WKHUHGXFWLRQRIWKHSODVWLF]RQHZLWKWKHH[FHSWLRQRI03DWZRUNLQJWHPSHUDWXUH
RI&0RUHRYHU(6'VKRZV WKHEHWWHU SHUIRUPDQFH LQ WHUPVRI DFKLHYHG VWUHVVZKLFK LVYHU\ FORVH WREDVH
PDWHULDOEXWWKHH[WHQVLRQRIWKHSODVWLF]RQHLVKLJKO\UHVWUDLQHG)LJ
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7DEOH&RPSDULVRQRIVWDWLFSURSHUWLHVRI(6'DQG03VSHFLPHQDJDLQVWEDVHPDWHULDO
<LHOGLQJ6WUHVV 7HQVLOH6WUHQJKW (ORQJDWLRQWRIDLOXUH <RXQJ0RGXOXV
ı\ ı5 $ (
 Base Mat. ESD MP Base Mat. ESD MP Base Mat. ESD MP Base Mat. ESD MP 
57
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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     
YDU   YDU   YDU   YDU  
&
           




3.2. Low-Cycle fatigue test 
5HOHYDQWGDWDDERXW WKH IDWLJXH WHVWVDUHUHVXPHG LQ7DEOHIRUHDFK WHVWFRQGLWLRQ$OOGDWDDUHQRUPDOL]HG
ZLWKUHVSHFWWRDUHIHUHQFHYDOXHFRUUHVSRQGLQJWRWKHPD[LPXPRQH)DLOXUHLVLGHQWLILHGE\DGHFD\RIRIWKH










1HYHUWKHOHVV LW LV SRVVLEOH WR VWXG\ WKH IDWLJXH SURFHVV LQ DSKHQRPHQRORJLFDOZD\ GHWHUPLQLQJ WKH GLIIHUHQW




LQKRPRJHQHLW\ RI WKH PDWHULDO GXH WR (6' DQG 03 LV FOHDUO\ KLJKOLJKWHG E\ WKH UHGXFWLRQ RI WKH IDWLJXH
SHUIRUPDQFH$W5RRP7HPSHUDWXUH WKH WZR SURFHVVHV DUH SUDFWLFDOO\ LGHQWLFDOZKLOH DWZRUNLQJ WHPSHUDWXUH RI
& WZR LQWHUHVWLQJSKHQRPHQD DSSHDU)LUVW RI DOO(6'VKRZV WKH ORZHVW IDWLJXH VWUHQJWK DQG LQFUHDVHGGDWD
VFDWWHU (YHQ LI (6' GRHV QRW LQWURGXFH GHIHFWV WKDW DUH GHWHFWDEOH ZLWK XOWUDVRQLF QRQGHVWUXFWLYH FRQWURO WKH
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SUHGLFWLRQRIWKHIDWLJXHEHKDYLRXULVYHU\GLIILFXOW$VDSUDFWLFDOFRQVHTXHQFHWKLVWHFKQLTXHLVQRWVXLWDEOHIRUD
SUDFWLFDOUHSDLURIDQ\FRPSRQHQWDWOHDVWLQSRLQWZKHUHUHODWLYHO\KLJKVWUHVVLVDSSOLHG7KHVHFRQGREVHUYDWLRQ
FRQFHUQV WKH EHKDYLRXU RI03 VSHFLPHQV DW ZRUNLQJ WHPSHUDWXUH D UHOHYDQW QXPEHU RI03 VSHFLPHQV LQ IDFW
UHDFKHGF\FOHVDQGWZRRI WKHPPDUNHGE\WKHDUURZVLQ)LJXUHVEDQGEGRQRWIDLODOVRLQ ORDGFRQWURO
1HYHUWKHOHVV WKHVHVSHFLPHQVKDYH OLIH W\SLFDORI WKHKLJKF\FOH IDWLJXH UHVXOWLQJVWUHVVDUHKLJK)LQDOO\ IDWLJXH
EHKDYLRXULVQRWLQIOXHQFHGE\WKHGHIHFWVGHWHFWHGE\XOWUDVRQLFFRQWURO
7DEOH(6'VSHFLPHQ±5RRP7HPSHUDWXUHIDWLJXHWHVWUHVXOWV
 6WUDLQ5DQJH &\FOHVWRIDLOXUH 1RUPDOL]HG6WUHVV5DQJH 6WUHVV5DWLR
 ǻİǻİPD[ 1I1PD[ ǻıǻıPD[ 5 ıPLQıPD[
(6'57    
(6'57    
(6'57    
(6'57    
(6'57    
(6'57    
(6'57    
(6'57    
(6'57    
(6'57    
7DEOH(6'VSHFLPHQ±&IDWLJXHWHVWUHVXOWV
 6WUDLQ5DQJH &\FOHVWRIDLOXUH 1RUPDOL]HG6WUHVV5DQJH 6WUHVV5DWLR
 ǻİǻİPD[ 1I1PD[ ǻıǻıPD[ 5 ıPLQıPD[
(6'    
(6'    
(6'    
(6'    
(6'    
(6'    
(6'    
(6'    
(6'    
(6'    

7KHHYDOXDWLRQRI IDWLJXH VWUHQJWKFDQEHTXDQWLILHG LQWHUSRODWLQJ WKHH[SHULPHQWDOGDWD WRFDOFXODWH%DVTXLQ¶V
ODZ DQG ILQDOO\ WKH VWUDLQ UDQJHǻİ$ DQG WKH VWUHVV UDQJHǻı$ FRUUHVSRQGLQJ WR D UHIHUHQFH OLIH1UHI 7DEOH $
FDUHIXODQDO\VLVRI WKHVHGDWD UHYHDOV WKDW WKH IDWLJXHVWUHQJWKH[SUHVVHG LQ WHUPVRI VWUDLQ UDQJHǻİ$ LV LQFUHDVHG
ZKHQ WHPSHUDWXUH WHVWFKDQJHV IURP57 WR&2Q WKHFRQWUDU\ IDWLJXHVWUHVV LQ WHUPVRI VWUHVV UDQJHǻı$ LV
UHGXFHG LQ WKH VDPH FRQGLWLRQ 7KLV EHKDYLRXU LV VKRZHG E\ WKH H[SHULPHQWDO GDWD ERWK IRU (6' DQG03 DQG
FRQILUPHGZKDWVKRZHGIRUEDVHDQG7,*ZHOGHGPDWHULDO>@+RZHYHUQRWRQO\WKLVREVHUYDWLRQLVQRWUHSRUWHGLQ
DQ\H[SHULPHQWDOZRUNH[LVWLQJ LQ OLWHUDWXUHEXWDOVR LW LVQRWYHULILHG IRURWKHUH[SHULPHQWDOGDWDREWDLQHGXVLQJ
VWDQGDUG FLUFXODU VSHFLPHQ ,W LV YHU\ GLIILFXOW WR LQGLFDWH D FOHDU H[SODQDWLRQ EXW VRPH K\SRWKHVLV FDQ EH
IRUPXODWHG $ SRVVLELOLW\ LV WR LQYRNH D FRPSOH[ LQWHUDFWLRQ EHWZHHQ IDWLJXH DQG FUHHS GDPDJH ZKLFK EHFRPH
UHOHYDQWZKHQDSSOLHGVWUDLQLVVRORZWKDWWKHORDGF\FOHFDQEHFRQVLGHUHGIXOO\HODVWLFDQGWKHWHVWGXUDWLRQLVRYHU
 KRXUV LQ WKLV FRQGLWLRQ WKH VSHFLPHQ LVPDLQWDLQHG IRU D ORQJ WLPH DW WKH WHVW WHPSHUDWXUH DQG WKLV DFWV DV D




SKHQRPHQD FRXOGPLWLJDWH WKH HIIHFWV+RZHYHU QR TXDQWLWDWLYH GDWD RU TXDOLWDWLYH REVHUYDWLRQV DUH DYDLODEOH WR
VXSSRUWRQHK\SRWKHVLVZLWKUHVSHFWWRRWKHUVDQGWKLVFRQVWLWXWHVDQRSHQSUREOHP
7DEOH0LFUR3ODVPDVSHFLPHQ±5RRP7HPSHUDWXUHIDWLJXHWHVWUHVXOWV
 6WUDLQ5DQJH &\FOHVWRIDLOXUH 1RUPDOL]HG6WUHVV5DQJH 6WUHVV5DWLR
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